Despite early positive response to platinum-based chemotherapy, the majority of ovarian carcinomas develop resistance and progress to fatal disease. Protein phosphatase 2A (PP2A) is a ubiquitous phosphatase involved in the regulation of DNAdamage response (DDR) and cell-cycle checkpoint pathways. Recent studies have shown that LB100, a small-molecule inhibitor of PP2A, sensitizes cancer cells to radiation-mediated DNA damage. We hypothesized that LB100 could sensitize ovarian cancer cells to cisplatin treatment. We performed in vitro studies in SKOV-3, OVCAR-8, and PEO1, -4, and -6 ovarian cancer lines to assess cytotoxicity potentiation, cell-death mechanism(s), cell-cycle regulation, and DDR signaling. In vivo studies were conducted in an intraperitoneal metastatic mouse model using SKOV-3/f-Luc cells. LB100 sensitized ovarian carcinoma lines to cisplatin-mediated cell death. Sensitization via LB100 was mediated by abrogation of cell-cycle arrest induced by cisplatin. Loss of the cisplatin-induced checkpoint correlated with decreased Wee1 expression, increased cdc2 activation, and increased mitotic entry (p-histone H3). LB100 also induced constitutive hyperphosphorylation of DDR proteins (BRCA1, Chk2, and gH2AX), altered the chronology and persistence of JNK activation, and modulated the expression of 14-3-3 binding sites. In vivo, cisplatin sensitization via LB100 significantly enhanced tumor growth inhibition and prevented disease progression after treatment cessation. Our results suggest that LB100 sensitizes ovarian cancer cells to cisplatin in vitro and in vivo by modulation of the DDR pathway and cell-cycle checkpoint abrogation.
Introduction
Ovarian cancer is the fifth leading cause of cancer-related death in women, taking the lives of over 14,000 patients in the United States in 2013 (1). Because of nonspecific early symptoms and unreliable screening measures, most patients present with late-stage disease and a poor (less than 20%) chance of long-term survival (2) . Current standard treatment involves maximal debulking followed by combination chemotherapy consisting of a platinum-based compound and a taxane (3) . Although patients may have an initial positive response, most eventually develop multidrug resistance and die of progressive cancer (4) .
Cisplatin [cis-[PtCl 2 (NH 3 ) 2 ]] is a platinum-based drug that is commonly used in the treatment of ovarian cancer. Cisplatin acts by forming DNA cross-links that lead to double-strand break (DSB) formation as a consequence of innate repair mechanisms. The consequent DSB accumulation and stalled DNA fork progression result in apoptosis of sensitive cells (5) . Despite its high potency, cisplatin is associated with potential toxicities, including nephrotoxicity, nausea/vomiting, neurotoxicity, and ototoxicity, limiting the effective dose that can be used (6) . Cisplatin resistance in ovarian cancer is also common, and has been reported to involve an increase in tolerance and/or repair of DNA adducts as well as a failure of apoptotic pathway activation (7, 8) . Importantly, greater than 90% of ovarian cancers harbor inactivating mutations of p53, and lack the ability to arrest the cell cycle at the G 1 -S phase junction (9, 10) . Therefore, these cancers respond to DNA damage via S and G 2 -M phase arrests, allowing DNAdamage repair. Previous studies have shown that the disruption of the critical S and G 2 -M phase checkpoints can sensitize cells to cisplatin (11) .
DNA-damage response (DDR) is facilitated by a highly integrated and complex series of phosphorylation and dephosphorylation events regulated by key kinases and phosphatases, respectively. It has been shown that constitutive phosphorylation of intermediates within the response signaling pathways is a barometer of the critical cellular processes that determine whether the cell will repair the damaged DNA or induce apoptotic cell death (12) (13) (14) (15) . The serine/threonine kinases ATM and ATR are the primary coordinators of cellular responses to DNA damage. These kinases are activated following DSB induction or a stalled DNA replication fork and are implicated in regulating DNA repair, cellcycle checkpoints, and apoptotic signaling. ATM/ATR directly and indirectly exert these effects by controlling the phosphorylation of downstream target proteins such as BRCA1, H2AX, Chk1, and Chk2 (15) . Furthermore, increased and constitutive phosphorylation of numerous other non-ATM/ATR pathway signaling proteins may be correlated with the extent of apoptotic induction. For example, sustained SAPK/JNK (stress-activated protein kinase/c-Jun N-terminal kinase) activation following cisplatin treatment plays a role in both extrinsic and mitochondrial apoptosis (16) . Thus, inducing constitutive phosphorylation via targeted inhibition of phosphatases before the initiation of DNA-damaging therapy may enhance cytotoxic efficacy.
Protein phosphatase 2A (PP2A) is a ubiquitous serine/threonine phosphatase that regulates numerous proteins of both ATM/ ATR-dependent and -independent response pathways (17) . Pharmacologic inhibition of PP2A has previously been shown to sensitize cancer cells to radiation-mediated DNA damage via constitutive phosphorylation of various signaling proteins, such as p53, gH2AX, PLK1, and Akt, resulting in cell-cycle deregulation, inhibition of DNA repair, and apoptosis (18) . LB100 ( Fig. 1A) is a small-molecule derivative of the natural product cantharadin with significantly less toxicity (19) . Previous preclinical studies have shown that LB100 enhanced the cytotoxic effects of temozolomide, doxorubicin, and radiotherapy against glioblastoma (GBM), metastatic pheochromocytoma, and pancreatic cancer, respectively (18) (19) (20) . Although the exact mechanism by which LB100 inhibits PP2A function has not yet been deduced, the overall potentiation of DNA-damage therapy seems to derive from abrogation of cell-cycle arrest despite DNA damage. LB100 is currently undergoing a phase I study in combination with docetaxel for the treatment of solid tumors (21) . Given the importance of platinum agents for use in clinical treatment of ovarian cancer as well as the well-established literature implicating cisplatin as a potent DNA-damaging agent, we hypothesized that LB100 could enhance the effectiveness of cisplatin treatment in ovarian cancer model systems.
To test this hypothesis, in vitro studies were performed in various ovarian carcinoma cell lines. LB100-dependent effects on cellular PP2A activity, cytotoxic potentiation, cell-cycle modulation, apoptosis, and activation of DNA-damage signaling and repair pathways were investigated. In addition, possible additive or synergistic effects of LB100 on cisplatin treatment were determined. LB100-induced cisplatin sensitization was further determined in vivo in a metastatic ovarian cancer model.
Materials and Methods
Cell lines, cell culture, and drug solutions Luciferase-expressing cells were generated by infecting SKOV-3 cells with pCLNCX-luciferase retrovirus (SKOV-3-Luc) as previously reported (22) and cultured in McCoy 5A medium (ATCC) supplemented with 10% fetal bovine serum and 100 U/mL penicillin G sodium, 100 mg/mL streptomycin sulfate, and 292 mg/mL L-glutamine (BioWhittaker). Human OVCAR-8 ovarian cancer cells were provided by the National Cancer Institute (Bethesda, MD; part of the NCI-60 collection). The PEO1, PEO4, and PEO6 ovarian cancer cell lines have previously been characterized (23) and were kindly provided by Dr. Ian Goldlust (National Center for Advancing Translational Sciences, Shady Grove, MD). All the PEO cells and OVCAR-8 cells were cultured in RPMI medium (Invitrogen) supplemented with 10% fetal bovine serum and 100 U/mL penicillin G sodium, 100 mg/mL streptomycin sulfate, and 292 mg/mL L-glutamine (BioWhittaker). Characterization and maintenance of HEK 293 human embryonic kidney cell lines overexpressing Pgp, MRP1, or ABCG2, and the parental human epidermoid carcinoma cell line, KB-3-1, and the cisplatin-resistant KB-CP.5 cells have been described previously (11, 24) . All cell lines were thawed immediately before experimentation, and cell lines were characterized using short-tandem repeat profiling. Cisplatin was purchased from Sigma-Aldrich and prepared as a 3.32-mmol/L stock solution dissolved in sterile saline (0.9% sodium chloride; ref. 25) . Solutions for injection were prepared immediately before administration. LB100, a water-soluble small-molecule inhibitor of PP2A, was provided by Lixte Biotechonology Holdings, Inc. ADD and was diluted in sterile PBS before administration.
PP2A phosphatase activity assay
Ovarian cancer cells were grown to 80% confluence in 100-mm dishes and treated with LB100 as indicated and prepared as described previously (18) . Following treatment for 2 hours, cells were washed twice with cold PBS (pH 7.4) and lysed in lysis buffer (20 mmol/L imidazole-HCL, 2 mmol/L EDTA, and 2 mmol/L EGTA, pH 7.0) supplemented with protease inhibitors (Thermo Scientific) for 30 minutes on ice. Cell lysates were sonicated for 10 seconds then centrifuged at 2,000 Â g for 5 minutes. Supernatants were assayed with the PP2A Phosphatase Assay Kit (Millipore) according to the manufacturer's instructions. Experiments were performed in triplicate, and the data are presented as a percentage mean of relative PP2A activity compared with control AE SD.
MTT assay
Cell survival was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Invitrogen) assay. Cells were seeded at a density of 5,000 cells per well in 96-well plates and incubated at 37 C in humidified 5% CO 2 for 24 hours. The 50% inhibitory concentration (IC 50 ) values were defined as the drug concentrations required to reduce cell numbers to 50% of the untreated control. For IC 50 determination, serially diluted LB100 or cisplatin was added to give the intended final concentrations. The MTT assays were carried out according to the manufacturer's instructions (Molecular Probes). Absorbance values were determined at 570 nmol/L on a SpectraMax 250 spectrophotometer (Molecular Devices). All the MTT assays were performed in triplicate. To determine whether LB100 could enhance the cytotoxic effect of cisplatin, cells were pretreated with LB100 for 1 hour before the addition of cisplatin. Cells were treated with both drugs for 72 hours. Cell viability was analyzed via the MTT assay as described above. Experiments were performed in triplicate, and the data are presented as a percentage mean AE SD.
Production of stable NT-shRNA-and PP2A-C-shRNAexpressing SKOV-3 and OVCAR-8 cells
To stably knockdown expression of the catalytic subunit of PP2A, PP2A-C, a pLKO.1-puro plasmid-based shRNA targeting the sequence: TGGAACTTGACGATACTCTAA (clone ID: TRCN0000002483; Sigma-Aldrich) was used (PP2A-C-shRNA). In addition, a nontargeting shRNA plasmid (NT-shRNA) that targets no known human sequence was used as a control. A primer containing the target sequence (CTGGTTACGAAGC-GAATCCTT) along with a stem loop followed by the reverse target sequence was annealed to a complimentary primer and inserted into the EcoRI and AgeI sites of the pLKO.1-puro plasmid (Addgene; number 10878). Lentiviral particles were produced via Lipofectamine 2000 (Invitrogen)-mediated triple transfection of 293T cells with either the PP2A-C-shRNA or the NT-shRNA along with the lentiviral envelope plasmid (pMD2.G; Addgene; number 12259) and the lentiviral packaging plasmid (psPAX2; Addgene; number 12260). Target cells (SKOV-3 and OVCAR-8 human ovarian cancer cell lines) were transduced with either PP2A-CshRNA or NT-shRNA containing lentiviral particles in the presence of polybrene (8 mg/mL) and stable cells were selected using puromycin (2 mg/mL).
Cell-cycle analysis
SK-OV-3 and OVCAR 8 cells were treated with LB100, cisplatin, or LB100 plus cisplatin at indicated concentrations for 24 and 48 
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SKOV-3 OVCAR-8
Cleaved caspase-3 β-Actin hours. For cell-cycle analysis, cells were washed with PBS and fixed overnight in ice-cold 70% ethanol and stored at 4 C. Cells were then centrifuged and resuspended in 100 U RNAse (SigmaAldrich), and incubated at 37 C for 20 minutes. Propidium iodide solution (Invitrogen; 500 and 50 mg/mL in DPBS) was added to each tube and incubated in the dark at 4 C overnight. Flow cytometry analysis was performed with CellQuestPro and data analysis was completed with ModFit LT. All data are in triplicate and presented as a percentage mean AE SD.
Immunoblotting
Whole-cell and homogenized tumor tissues were lysed in NP-40 lysis buffer [50 mmol/L Tris-HCl, pH 7.4, 150 mmol/L NaCl, and 1% Nonidet P40, supplemented with Complete Protease Inhibitor Cocktail tablets and PhosStop phosphatase inhibitors (Roche)] and prepared as previously described (26) . Total cellular proteins (40 mg) were separated on 12% or 15% SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF) membranes (Immobilon). The membrane was then blocked for 1 hour at room temperature in 5% (w/v) nonfat milk in TBS-Tween-20 and probed overnight with primary antibodies followed by anti-rabbit or anti-mouse IgG-horseradish peroxidase (HRP)-conjugated secondary antibodies (Cell Signaling Technology) in blocking buffer for 1 hour. Membranes were subsequently incubated in the Immobilon Western Blot Chemiluminescent HRP Substrate (Millipore) and developed on BioMax XAR film (Kodak). Primary antibodies were purchased from Cell Signaling Technology:
, and p-(Ser) 14-3-3 binding motif.
In vivo intraperitoneal ovarian cancer model
Five-to 7-week-old female nude athymic mice (NCR nu/nu) were obtained from NCI (Frederick, MD), maintained in accredited animal facilities and used as stipulated by the U.S. Public Health Service Policy on Humane Care and Use of Laboratory Animals, in accordance with institutional reviews (http://oacu.od. nih.gov/). SKOV-3/f-Luc cells (10 6 ) were suspended in 100-mL PBS and injected into the intraperitoneal (i.p.) cavity. After 4 days, the mice were randomized into four groups (4-5 animals/group): vehicle control (PBS), LB100 (1.5 mg/kg, i.p.), cisplatin (1.5 mg/ kg, i.p.), and LB100 plus cisplatin (same doses as administered alone). Dose and treatment schedule were established on the basis of the activity of each agent reported in previous studies (18, 27) . Following tumor inoculation, mice were dosed on days 4, 6, 8, 10, 12, and 14. For the combination group, LB100 was administered 1 hour before cisplatin. Tumor growth was measured twice a week via bioluminescence imaging (BLI) as previously described (28) . D-Luciferin (3 mg/100; mL PBS) was administered via i.p. injection. Relative intensity of the BLI signal for each mouse was calculated by dividing the total luminescence for each session by the total luminescence measured on the first day of treatment. Mice were continuously observed until indicated euthanasia endpoints. Toxicity of the treatment regimens was assessed by the degree of weight loss and the overall health status was continuously monitored by a veterinarian on staff. For ex vivo Western blot analysis, 4 tumor-bearing mice were treated with either saline (control), LB100 (1.5 mg/kg), cisplatin (2.5 mg/kg), or LB100 (1.5 mg/kg) þ cisplatin (2.5 mg/kg). After 4 hours, mice were euthanized and tumors were rapidly dissected from the i.p. cavity, snap-frozen in liquid nitrogen, and lysed as described above.
Statistical analysis
Statistical analysis was performed using the software GraphPad Prism 6 (GraphPad Software). Mean values are reported as mean AE SD, and a two-tailed unpaired t test was performed to assess statistical significance. Statistical significance was passed at twosided P < 0.05.
Results
Ovarian cancer cell line sensitivity to LB100 and cisplatin
To characterize the effects of LB100 and cisplatin on ovarian carcinoma cells in vitro, six ovarian cell lines were tested. SKOV-3 and OVCAR-8 cells have previously been described as p53-null and harboring an inactivating p53 mutation, respectively (29) . Both cell lines have also been characterized as intrinsically resistant to cisplatin (30) (31) (32) . The PEO cell lines (PEO-1s, PEO-1m, PEO-4, and PEO-6) were generated from the same patient before chemotherapy (PEO-1s and PEO-1m) and following the development of clinical cisplatin resistance (PEO-4 and PEO-6). The PEO-1 cell lines carry BRCA2 missense (m) and STOP (s) mutations (23) .
The IC 50 of each compound was determined using the MTT cytotoxicity assay (Table 1) . Cell lines known to harbor intrinsic cisplatin resistance (SKOV-3 and OVCAR-8) or acquired resistance (PEO-4 and PEO-6) showed a 2-to 3-fold decreased sensitivity to cisplatin compared with PEO-1. SKOV-3 (IC 50 , 10.1 AE 1.8 mmol/L) was 2-fold less sensitive to LB100 compared with the other ovarian lines (average IC 50 , 5.7 mmol/L), which correlated with the level of PP2A protein expression (Supplementary Fig. S1 ), suggesting that cell line-specific sensitivity to PP2A inhibition depends, in part, on the overall protein level. Although ATP-binding cassette (ABC) efflux transporters have been shown to affect efficacy of candidate small-molecule therapeutics (33) , no information exists on whether this is the case for LB100. When HEK 293 human embryonic kidney cell lines overexpressing Pgp, MRP1, or ABCG2 were treated with the same concentration of LB100, the IC 50 s of the transfected lines did not increase, and were similar to parental cells or in the presence of an inhibitor (tariquidar; Supplementary Fig. S2 ). In contrast, these cell lines were resistant to known substrates for these transporters, such as paclitaxel for ABCB1, etoposide for ABCC1, and mitoxantrone for ABCG2 (data not shown). Cisplatin-resistant KB-CP.5 cells demonstrated 2-fold increased resistance to LB100 (vs. 4.8-fold resistance to cisplatin) compared with parental KB-3-1 human adenocarcinoma cells, indicating minimal cross-resistance and potential therapeutic efficacy in cisplatin-resistant cell lines (Supplementary Fig. S3 ). LB100 sensitizes ovarian cancer cells to the cytotoxic effects of cisplatin in vitro To determine whether PP2A inhibition with LB100 could sensitize ovarian cancer cells to the cytotoxic effects of cisplatin, we first assessed the effect of LB100 on PP2A enzymatic activity. Consistent with previous findings in other types of cancer cells (18, 19) , LB100 alone caused a concentration-dependent decrease in PP2A enzymatic function in SKOV-3 cells (Fig.  1B) . Next, we performed cytotoxicity assays on ovarian cancer lines using either IC 25 (5 mmol/L) or IC 75 (15 mmol/L) doses of cisplatin in the presence of 2 mmol/L (<IC 25 ) or 5 mmol/L of LB100. LB100 pretreatment (1 hour) resulted in a significant decrease in cell viability compared with either treatment alone. In SKOV-3 cells, 5 mmol/L (IC 25 ) cisplatin alone resulted in 73% AE 2% viability compared with control, while the presence of 2 and 5 mmol/L LB100 significantly potentiated cisplatin toxicity (58% AE 2% and 25% AE 1% viability, respectively; Fig.  1C ). This effect was observed for both low-and high-dose cisplatin concentrations in additional ovarian cell lines examined ( Fig. 1D and Supplementary Fig. S4A-S4C ). Immunoblot analysis of LB100 pretreatment in combination with cisplatin in SKOV-3 and OVCAR-8 showed increased levels of cleaved caspase-3 and cleaved PARP, indicating apoptosis as the mechanism of cell death (Fig. 1E) . In SKOV-3 cells, LB100 sensitization greatly enhanced the expression of apoptotic factors in combination with an IC 25 (5 mmol/L) dose of cisplatin 72 hours after treatment (Fig. 1F) .
Because pharmacologic inhibition of PP2A via LB100 sensitized ovarian cancer cells to cisplatin, we investigated whether stable knockdown of expression of the catalytic subunit of PP2A (PP2A-C) might result in the same effect. Stable knockdown of PP2A-C was achieved in OVCAR-8 cells, with approximately 50% knockdown of PP2A-C expression compared with control, nonspecific shRNA (Fig. 2A) . Cisplatin and LB100 sensitivity were determined for OVCAR-8 PP2A-C shRNA-expressing cells and compared with the same nonspecific shRNA control (Fig. 2B) . Consistent with the pharmacologic sensitization induced by LB100, PP2A-C knockdown sensitized OVCAR-8 cells to cisplatin compared with nonspecific control. As expected, sensitivity to LB100 was greatly enhanced in the PP2A-C knockdown cells compared with control (LB100 OVCAR-8 NT shRNA IC 50 , 15.7 AE 1.3 mmol/L; LB100 OVCAR-8 PP2A-C shRNA IC 50 , 3.9 AE 0.9 mmol/L; Fig. 2B ). Conversely, stable expression of PP2A-C-specific shRNA in SKOV-3 cells resulted in vastly decreased numbers of viable cells (data not shown), highlighting that a baseline expression of PP2A is essential for cellular viability (34) .
Inhibition of PP2A by LB100 induces hyperphosphorylation of Chk1
PP2A activity has been associated with dephosphorylation of gH2AX, Chk2, and BRCA1 (12, 35) . Chk1 is a central mediator of the DDR and maintains the integrity of the genome by inducing S or G 2 -M cell-cycle arrest and promoting DNA repair. In addition, the functional integrity of Chk1 is maintained by continuous dephosphorylation of key serine residues such as S345, by PP2A (36) . To assess whether inhibition of PP2A by LB100 could sensitize the DDR pathway by inducing hyperphosphorylation of Chk1 at S345, OVCAR-8 cells were treated with cisplatin for 1 hour with or without a 1 hour pretreatment with LB100, then incubated in media with or without LB100 for up to 8 hours. LB100 significantly increased the phosphorylation of Chk1 at S345 for each time point following cisplatin treatment compared with cells incubated in media alone (Fig. 2C) . To confirm whether this differential phosphorylation was due to decreased PP2A function, we performed the same experiment in the stable PP2A-C knockdown OVCAR-8 cells (Fig. 2D) . Consistent with the pharmacologic data, decreased expression of PP2A-C resulted in hyperphosphorylation of Chk1 following cisplatin, compared with OVCAR-8 cells stably expressing control, nontargeting shRNA. LB100 induces constitutive phosphorylation of key mediators in the DDR pathway independent of ATR activation, allowing persistent DNA damage Persistent expression of gH2AX is an indicator of inadequate DNA-damage repair (37) , and its time-sensitive dephosphorylation is critical for maintaining the chronologic fidelity of repair initiation (13, 38) . Furthermore, constitutive phosphorylation of BRCA1 and JNK has been shown to bias the cell toward apoptosis following induction of DNA damage (14, 16) . To understand the potential mechanism by which LB100 pretreatment sensitizes ovarian cancer cells to the effect of cisplatin, we compared the phosphorylation state of these key intermediaries of the DDR pathway following treatment with of LB100 and cisplatin. Inhibition of PP2A enhanced the phosphorylation of gH2AX, Chk2, and BRCA1 at 24 hours, and JNK at 72 hours (Fig. 3A) . These effects were independent of ATR activation (Fig. 3A, top) . LB100 plus cisplatin (5 mmol/L) hyperphosphorylated gH2AX and BRCA1 at 24 and gH2AX, Chk2, and BRCA1 at 72 hours compared with cisplatin (5 mmol/L) alone. For the IC 75 dose of cisplatin (15 mmol/L), LB100 pretreatment led to hyperphosphorylation of Chk2 and BRCA1, compared with cisplatin alone, while expression of gH2AX was similar for both groups. Phosphorylation levels of JNK were greater for 5 mmol/L cisplatin, compared with 5 mmol/L of both LB100 and cisplatin initially (24 hours), but at 72 hours, the combination treatments resulted in greater JNK phosphorylation compared with both doses of cisplatin alone.
Cisplatin-induced cell-cycle checkpoints are abrogated by LB100, which are mediated by changes in both Wee1 expression and cdc2 activation Given the integral interactions between PP2A and numerous cell-cycle checkpoint proteins, we assessed whether LB100 could abrogate cisplatin-induced cell-cycle arrest. FACS analysis was performed on SKOV-3 and OVCAR-8 cells at both 24 and 48 hours following treatment with various concentrations of both cisplatin and LB100 (Table 2) Transition into mitosis is critically dependent on the activation state of the cdc2/cyclin B complex (40) . Cdc2 is negatively regulated by the Wee1 kinase through an inhibitory phosphorylation on Y15 and is positively regulated by the cdc25C phosphatase via dephosphorylation at this same residue. Wee1 is phosphorylated (p-Wee1 and Ser642) in an Akt/PKB-dependent fashion, such that when G 2 -M arrest occurs in cells p-Wee1 abundance increases (40) . We assessed whether LB100-induced checkpoint abrogation and cell-cycle progression are due to alterations of checkpoint protein function and/or expression. SKOV-3 cells were treated for 24 hours with PBS (vehicle control), LB100 (5 mmol/L), and cisplatin (5 or 15 mmol/L) following 1-hour pretreatment with LB100 (5 mmol/L). LB100 (5 mmol/L) slightly increased the phosphorylation of Wee1 compared with control (Fig. 3B) , and not observed at all when LB100 was added to either concentration of cisplatin or at lower LB100 concentrations ( Supplementary Fig. S5A ). Wee1 phosphorylation was nearly absent for the LB100 and cisplatin (15 mmol/L) combination. Total Wee1 protein levels were also decreased for this treatment group, suggesting that degradation or decreased expression resulted in the observed reduction in phosphorylation levels. Decreased Wee1 expression was correlated with a decrease in pcdc2 (Y15) for both doses of cisplatin when pretreated with LB100 as well as LB100 alone, allowing cell-cycle progression into mitosis, indicated by the strong increased expression of p-Histone H3 (41) . Because the DDR and cell-cycle checkpoint proteins are substrates for and regulated by the 14-3-3 family of chaperone proteins (42) and PP2A inhibition may increase available p-Ser binding domains, we next assessed whether LB100 enhances available p-Ser binding sites recognized by 14-3-3 proteins. In SKOV-3 cells, following 24-hour treatment with LB100 and cisplatin, LB100 alone or in combination with cisplatin (5 and 15 mmol/L) altered the generation of p-Ser binding sites compared with control and cisplatin alone, respectively (Fig. 3C ).
LB100 sensitizes tumor cells to cisplatin in vivo
We next investigated the biologic efficacy of LB100-induced cisplatin sensitization in an in vivo mouse model of metastatic ovarian carcinoma. Tumors were established in female athymic nude mice via i.p. injection of SKOV-3 cells expressing firefly luciferase, recapitulating the peritoneal spread observed in the clinical setting (43) . Mice were randomized into four groups [vehicle (PBS) control (n ¼ 4), LB100 (1.5 mg/kg; n ¼ 5), cisplatin (1.5 mg/kg; n ¼ 5), and LB100 (given 1 hour before cisplatin) þ cisplatin (n ¼ 5)] and treated six times, with drugs administered every other day, starting from 4 days after tumor inoculation. Following the final treatment, mice were observed until predetermined health concerns necessitated euthanization. Dose and treatment schedules were determined from biologic profiles of each agent determined in previous studies (18, 19, 27) and disease progression was monitored by BLI.
There was no significant difference in mean body weight among the four treatment groups, indicating minimal toxicity of the compounds (Fig. 4A) . LB100 alone did not alter tumor growth, as assessed by BLI (Fig. 4B and C) . On the other hand, cisplatin (relative intensity 5.0 AE 1.6) and the combination of cisplatin and LB100 (4.1 AE 6.3) significantly delayed disease progression by day 25 compared with vehicle (22.4 AE 8.7) and LB100 alone (12.4 AE 6.7). By day 35, the combination treatment significantly delayed tumor progression compared with cisplatin alone (4.3 AE 4.7 vs. 19.8 AE 7.9; P ¼ 0.03). By days 25 and 28, massive ascites developed in the LB100 and control group respectively, necessitating euthanasia. Ex vivo analysis confirmed that the BLI signals were originating from the tumors (Fig. 4D) .
Next, we assessed whether the same molecular mechanisms observed in vitro were involved in the LB100-induced sensitization of i.p. tumors to cisplatin. Consistent with the in vitro findings, LB100 alone induced hyperphosphorylation of BRCA1, Chk1, gH2AX, and p-histone H3 (Fig. 4E and Supplementary Fig. S5B ). BRCA1 and Chk-1 phosphorylation was further enhanced with cisplatin and LB100 combination treatment compared with cisplatin alone. Combination treatment also resulted in hyperphosphorylation of histone H3 and caspase-3cleavage, indicating progression into mitosis and enhanced apoptosis. In contrast to these findings with the tumor samples, LB100 did not induce hyperphosphorylation of gH2AX in the kidney (Supplementary Fig. S5C ). 
Discussion
The aim of our study was to assess whether LB100, a smallmolecular inhibitor of PP2A that is currently undergoing a phase I trial for solid tumors (21) , can sensitize preclinical models of ovarian cancer to cisplatin. Our results show that pretreatment with LB-100 enhances cisplatin-induced apoptosis for various ovarian cancer cells in vitro. This effect was observed for both low (IC 25 ) and high (IC 75 ) doses of cisplatin and was correlated with constitutive phosphorylation of key DDR proteins leading to persistent DNA damage and abrogation of cell-cycle arrest, culminating in apoptosis (schematically shown in Fig. 3D ). In our in vivo model of i.p. metastatic ovarian carcinoma using the SKOV-3 cell line, we also observed delayed tumor growth when LB100 was combined with cisplatin. Notably, at the protocol endpoint, the tumors in mice that were treated with LB100 and cisplatin did not relapse while mice treated with cisplatin alone eventually developed progressive disease.
The majority of ovarian cancers harbor inactivating mutations of p53 (9) . Because p53 orchestrates the G 1 -to S-phase cell-cycle checkpoint, cancer cells with mutant p53 depend on G 2 -M arrest for maintaining genomic integrity following DNA-damaging therapy (39) . Entry from G 2 into mitosis depends on the activation and nuclear localization of Cdc2/ cyclin B, which is negatively regulated by Wee1 and Chk1 kinase and positively regulated by Cdc25C phosphatase. As such, cancer cells resistant to DNA damage often induce increased expression and function of G 2 -M checkpoint kinases in response to genotoxic stress and pharmacologic inhibition of these kinases can sensitize cancer cells to platinum compounds (11) . Specific kinase inhibitors have clinical limitations, however, because resistant cells possess alternate pathways that can circumvent inhibition (44) . On the other hand, ubiquitous Ser/Thr phosphatases, such as PP2A, are extensively involved in regulation of the DNA response pathway and potentially allow manipulation of multiple signaling pathways through the use of a single agent (45) .
PP2A is an attractive target for DNA-damage sensitization for many reasons. Extensive studies in Xenopus have shown that PP2A is induced as part of the DDR and is involved in G 2 -M arrest (46) . Thus, inhibition of PP2A leads to aberrant entry into mitosis, resulting in mitotic catastrophe and apoptosis. PP2A also regulates Chk1, a critical mediator of DDR, through a negative feedback loop that maintains Chk1 in a low-activity state during normal cell division, while priming it for rapid response upon DNA damage (36) . This integral relationship is maintained by continuous phosphorylation and dephosphorylation of Chk1 (S345; refs. 36, 47) . Following DNA damage and DSB formation, ATM/ATR activates Chk1 via phosphorylation at S345, a site negatively regulated by PP2A-mediated dephosphorylation. Constitutive phosphorylation of S345 induces E3 ligase-mediated ubiquitination and proteasomal degradation, and thus is critical for Chk1 protein stability (48) .
Our results show that pharmacologic and genetic inhibition of PP2A by LB100 and PP2A-C shRNA, respectively, induces hyperphosphorylation of Chk1 (S345) without altering the phosphorylation state of other serine residues ( Supplementary  Fig. S4B ). It is possible, therefore, that the LB100-induced cisplatin sensitization may be, in part, due to deregulation of the negative feedback loop between PP2A and Chk1, rendering Chk1 less effective in the DNA response pathway.
Through its phosphatase activity, PP2A maintains the relative number and distribution of docking sites for chaperone proteins carrying specific phospho-Ser/Thr binding motifs, such as 14-3-3 and BRCA1 (49, 50) . These docking sites exist on a vast array of proteins within the cell, ranging from DDR factors to housekeeping proteins (51, 52) . The 14-3-3 family of proteins bind to target proteins carrying specific p-Ser/Thr recognition sequences and have been demonstrated to affect the enzymatic activity, DNA-binding activity, sequestration, and protein-protein interactions of these target proteins (49) . In our study, LB100-treated SKOV-3 cells showed widespread increased expression of p-Ser 14-3-3-binding motifs compared with control treatment (Fig. 3C) , and showed altered phosphorylation states of proteins known to interact with 14-3-3, such as Wee1 and Chk1. Whether 14-3-3 proteins directly or indirectly affect the activity of these proteins following LB100 and cisplatin combination treatment is yet to be determined. Nonetheless, the results of our study show that LB100-induced modulation of cellular 14-3-3 motifs is correlated with cell-cycle progression and enhanced apoptosis.
Our results also consistently showed that LB100, either alone or in combination with cisplatin, induces hyperphosphorylation of BRCA1 at distinct residues, which was maintained for 72 hours. Previous studies have shown that the phosphorylation state of BRCA1 disrupts its interaction with Chk1 and may render cells more sensitive to caspase-3-mediated apoptosis (14, 53) . BRCA1 contains C-terminal domains (BRCT) that bind to specific Ser/Thr residues and are integral for BRCA1-mediated DDR. As such, the availability of the BRCT binding domain may be necessary for the proper coordinated response following induction of DNA-damage leading to DNA repair (50) . LB100-induced deregulation of Ser/Thr motif distribution, as shown in our study, may lead to redistribution of docking-proteins in a way that biases the cisplatin-induced DDR pathway toward mitotic catastrophe and apoptosis.
In the context of LB100-induced constitutive phosphorylation of the DNA-damage pathway and G 2 -M arrest abrogation, it will be of interest to assess the efficacy of LB100 in combination with other preclinical compounds, such as inhibitors of Chk1, Wee1, and PARP1, with and without chemoradiation. Our results add to the growing literature regarding the efficacy of LB100, and illustrate a potential approach to enhancing cisplatin efficacy during the treatment of ovarian cancer. Given the proven, yet toxicitylimited, use of cisplatin in the clinical setting, we propose that LB100 may be an additive or dose-lowering agent that can enhance/maintain the cytotoxic effect of cisplatin without adding undue toxicity. 
